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SUMI!AI?Y 



Rocket insta'Diiity la not very well imdorctood in liquid 
propellant rocketo* i-ropellant vaporisation in one rote 
controlling proceaa in the conibustion proccoo# The object 
of thic invcGtigation rao to inveotigatc the effect of 
eonic vibrationc on liquid dropo in aproyo and liquid jeto. 

Difficult! eo v<crc oncoiuiteroa in obtaining a cuiteiblo 
Gource that would give high intensity sonic vibrations. 

A louileijeaker unit ;veg used to drive a rooonant tube. The 
cl feet o on liquid jots i;crc photographed and interpreted. 

IIi£^ speed photography was onployed to observe the phenomena. 
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GfT: RAL DECCRIPTIO:; OF THE CO^TUOTIOR PRCCEG^ IF A 
LI' UID IROPELL/CT RCXJIC^T 

Conoider a rocket chenLor into which n combination of 
^.ropollantn aiich an kerocenc end liquid oxygen ere introduced# 
Reaction will only occur in tho vapor phfioe of both rropollanta. 

To nako the beat ueo af the ch^nber tlic propcllcnto inuot bo 
ujiifornly dietributed in the chamber* If tho chemical reaction 
ia to be ac efficient as possible mixing of t e iropcllants must 
be conplcto and Xiniforn* /snumlnc both proijcllants arc liquids 
they must be vaporised and ignited* In order to make use of all 
the cnorgy available to produce tliruot it is desirable that tho 
reaction be completed r/ithin the chamber uninr stoichcnctrlc 
proportions of the propellants* 

Two types of injectors used for such a bi-propeilant system 
are impinging Jets and shov/erhoaci tyi>c injectors with alternate 
atomisers introducing kerosene and oxj/g n* The liquids ere atomised 
in order to expose a large ourfaco area for rapid vaporisation* 
Initial ignition may bo acoomiJlisJicd by a xDyi'oteciinic squib 
or a spark* Continxious ignition is maintained by A«ccirculatlon 
and diffusion of hot gaooouo products of combustion* 

Tho reaction of the tv/o liquids result in tho generation of 
hoat and enceouo products of combustion. This expansion process 
rapjdly acccloratcs tlic gasos in the oharaljer toward and througli tho 
nossle of the rocket* The expulsion of tho £acoo provluocs tho thrust. 



/In 




t 



-V 



;W;.' 

kV: 



i 



. ^ Jl 



I 



2 



In the uoe of oelf-icnitinc bi-pi'0]?cllant G^otci;i.o ouch qo 
nitric~acid and unoynretrlcrl dimethyl hydrasinef it io normal 



practice to uoo inpinc3.nt; jeto of unlihe liqnido. Plamca occur 
rapidly upon contact* A certain amount of mixinc and reaction 
ic acconpllclied in the liquid phacc hut tlio liquido arc thoucJit 
to ho largely vaporised prior to reaction v/ith mixiiig anci reaction 
occxirring laootly in the vaporised otnte* *.cvcrthclccG these 
proceoGCo of vaporisation# nixing, and Ifpiltion are facilitated* 

Ihe uoe of a nonopropellont ouch no nitro-ncthaiic nalcec 
nixing umiecosGcry. However atomisation, vnpiorisati on, diotrihutlon, 
and ignition are neceGonry. 

One of the approxinationa uoed In the onalycntion '^f the 
conbuctlon proccGC in conotructing a model ie that the reaction 
takes place InDtmtcaxeo'oaly. Thus, in an idealised model a goxu’cc 
or GOurccG of heat and gao can he acouned nt a certain axial 
location in the combustion chanher* In reality the combustion 
proceso is a gi*adual one* ’Thei'O is a time lag 'between injection 
and reaction or ignitioxi* This tine lag may "be thought of rnd 
oxpreooed as a space lag (ces figure 1)* In an actaol rochet there 
is much turtulenco in the combustion clirnl^er. Buo to this turhulcncc 
voriatlono in vaporisation and reaction rates, there ic a variation 
in tine lag fox*' variouo elononto of propellants* In fact the 
X>hysico«choi2lcal procesGoo during combuction in rochet engines is 
so complex it io very nearly imx^osible to rive a cjunntltotivc 
dea ription of them r ‘t T?Ti?tr ’ 3) • 
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In recent yoaro tjiorc have "bee.* a mui' cr of cxx^erincntal end 
theoretical atudica carrie out on tl;o ‘burnlns character! otico of 
diopa and fuel enrayc. In roner'-.l vaporin-itlon io iroportional 
to the c^3^face area oi» for a drop: 

O O f M 

D‘- s I> ' + K t 

o 

where io tho initial drop diameter, D io the diarnoter at time, t, 
and K* io the evojKsrisati on conotont# The evaporation conotont io 
independent of the diameter anti is defined oy the relation: 

t , • y 

IC h 

whore is the maoo hurnlng rate of the fuel and is the donoity 
for a droplet of diameter E* 

Much ?;ork /laa Ixjen done on lamint’r flr-'-oo. However tho useful 
flames encountered in a conhuation chamber arc turbulent and tlrao 
far there io little theoretical work concorninc turbulent flameo. 

In reference 18, *'iesse diocusood combuotion of n licuid 

fuel ojJTay* Ko invest iGs ted the effect of atonization on combust ion. 
Ills assumptions were: 1* that ti.e propellanto react only in the 

vapor state, 2. ti^at the xu'opellant vaporo react as a. sinclc 
chemical cubotance, inxjlj’’in2 tiiot perfect nlxinij io e footed 
immediately upon vaporization of the spray, and 3* that the cyoten 
was icothcrmal. In this report Eicooe ohowo how atomization e'fcctc 
tho b-orninp: rate and how jperfornanco varies with burning rate and 
atomization. 

Ho aloo found that the aoounption made by some concerning 
diffusion flow of oxidizer vapor in toward the fuel tb'oplot I.ondo 
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to a conotont flame drop rndluD ratio, io not vci'ifisd by experiixrt. 
He found that flcmo drop radius ratio decroaseo tvith the diameter 
of the drop# 

i-iecoc concluded tiiat the performance of a liquid ixpopollant 
rociiet 1g dependent upon t».o dinensionlcsD fp'oups V/hicii ore equal 
to the product of the reaction frequency (reaction rate) and cac 
residence time or droplet lifetime* /n Incrcueo in either of thocc 
leads to hicher performnee* 

Prien and Heidmcnn in reference 19 calcixlctcd vaporisation 
rates for five diffci*ent jropellenta aa sprays in n liquid rocket 
chamber# For injectors for which drop sisc could bo calculated 
combustor lenBths calculated wci*e In very :.*oorT acroeiaent with 
cxperimcixtal results. Variations in xxDrformanco could be explained 
by variations in percent of propellant vaporized. Th*olr r-esultc 
indicate that combustor efficiency can be predicted from a model 
based on propellant vaperizetien as the i*atc controlling i»‘Occsc. 
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ii:sT/i3iLiTy III ^ Li^ui ^opaL TT 

Experl 120 ntal observations of coribaotion in liquid rockets have 
oho\7n that the ja^oceso is always roufiti or, using another torn, 
tiirbulcnt. Pcaction is rapid and intense heat is gen- rated. If the 
oevero turbulence is randon the process is terned ’'sinoooh combustion^'. 
The noise involved in smooth combustion is termed -’white noise". If 
by some means some frequency io amplified the combustion is termed 
"rough''. Tn *»o.Tie inrttu'ccs of rnuj'h eombiistion the amplitude of 
pressure fluctuations roaches c maxim 'n und stablllsco so th^t t’lc 
operation of t' c rocket may not be seriously impaired. In other 
cases the roi’gh conbuotlon nay be xmstable to ouch a degree that the 
rocket io burned out or crusod to fail 1- . to fail-uro of soD.e 
structural jmrt, the feedino system, or the controls. 

Riindom tux*’oulence and turbulent combustion is desirable in q 
rocket. Continuous i£;nitlon and the high reaction or barnirg rates 
required would not be possible without the severe turbulence. 

Ono forr of rough combustion or instability io termed "churcing", 
Chugeing refers to frequoncico lose than 100 cycles i3cr second. It 
is thou£dit to be caused by resonance in the feeding system and often 
couples with -blic oscillations in the chamber. Ohugging can be 
disastrous. Pcconance in the feeding system meaas fluctuating fuel 
Tircssurco and thei-^fcre? rcgiilsir variations in fuel mass flow rates. 
Chugging can occur due to resonance in t'lo chamber itself wit out 
coupling with the feed oyoten. At those low frcquenc. os resulting 
peak pressures and tempcratiiros arc often groat cnoagh to btirn out 
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the roclcct coebuation chenher# Thlc type of* inctability con 
ucually be xjrovented witli proper design. IIo\7evcr, in Increasing 
the cise or a roe’eot, ccollnc factors ore conplcz end it is 
cztroncly difficult to use i.oi*fornancc data frou a oaaller rocket to 
design a larfc one. 

For occlllationc from 100 cycles per second to several thousand 
the terai ''Boroeuaing;” io ucod. Due to tiw7 higxi inertia of a licuid 
propellant ao coapared to th^*t of n gas or vapor it is unlikely that 
ocroanjing in o comb\istlon clianber will coujlo ?/lth vibrationo in the 
feeding oyoten. Ocroaning nty lov.cr the ’“terformneo of the rocket or, 
if severe onougli, coose failarc of the rockot. 

There are nany rojjorts on studies wid oxperinonto conesming 
vaiKirisation of droplets and fuol sprays, and burning rates of 
fuels. However moot of the ’^eporte concern studies of evaporation 
rates and burning in still air or very lovr turbulcnco. The i 

mechanics of vmstablc combustion in a liquid rocket chamber io 1 

extremely complex involving many variBb3es, 

LlnnarlsGd perturbation aralycjo shor/r that ra .don distxirbances 
In a combustion chanbor can bo cops rated Into three modes that in 
first oi’dcr approximations are indcpeixlent of each ctlicr. These 
arc: (1) n prescare mode (random sound), (2) a vorticity node (eddy 
t’arb^llence ) , and (3) an entropy node (temperature and density 
fluct’aations) . The intoiwctlon of those mdcc is very con’^lcx and 
not very v;ell undei'otood today. | 

Figure 17 (2B pictures on throe sheets) io a reproduction taken 
from a Rocketdyno report on unstable combuotion (see rcfcrcnc ' 25). ^ 

/■’cfercncc 25 , 
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Rcfoi*encc 2t> indicates that liieJi-frccjUoncy inotnbility roqulroo 
a "triBEorins'* action unci iBnitiou in oft n tJio triBgor* If ''urinc 
ignition there is not sufriciunt cncx’gy to ignite nil the 
corabuntihlee, the part of the mixture not icnited tends to accUiTolato 
in sone area oi’ the ciiunhcr. hhen finally icnited it Tvill then 
fora a snail explosion* Ihio explosion nuy start a detornticn 
which will propacatc through the rest of the already hurning 
propellants nrd thus triggers instahility. 
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T.'tforcnco 15 frlvcc n fairly conplctc trcctncnt of sound and 
rel^^ted vit-'r? tlono. Tn volune I‘ the ■fcohav'3c«s of Jets of lifiuid 
I<y*'iinr fi’on un orifice in q flat pit to under ixr-car.urc lo diocaaoed. 

At lor velooitiec o laminar ,jet oj? liquit; hreoko un into drorjo 
"by a mecli^iiiioni ref errod to aa varicooity* TLo strean devv lops cnall 
tunpa olon£j the Icncth of it* S;irface tenoion finally cniiaeo the 
otrer.Q to 1a*euk up into near xaiifora dropo, the diameters of rhich 
arc C(iU«l to the dlauotor of tno jet (eee firure 4)* 

A laminar jet of liquid iacuinr from n sharp c ^cd circular 
orifice can ho thougiit of as a cylindrical coloLin of fluid hold in 
Oh!, c by surface tension forces. V locity of the fluid timeo the 
cross rectional area is n ccnGt.*:nt. Any disturbance will cai*sc the 
colum to develop waves. These wi veo will bo cterdinG waves. They 
v/ill eppe&r stationary In relation to the orifice so lone as the 
flow rate os constant. ITic wove length of tliosc fluctuations is 
dotsr.-ined by tn preGsu~*o drop across the orifice. 

. nj>' irregularity in the orifice vill be i.ocentUfited by th*? jet. 
fii eaiptlcal orifice vdll cause a wave lo fom. TIic fluid will first 
form into a circular crons section. The cross section will then 
become ollii^tical ocain with tho major axis iGncrtliOiiod, and rotated 
to the major axis of the orifice. *his proceso will repeat 
itself and t»vC stream apx'roacLcs a flat sheet of fluid. The velocity 
of tho jot for a certain elliptical orifice will detornincj whether 
the jet forms drops by varicose irp:*owth of urojo, or from sheets of 
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flui(i. ir the velocJV in rcl- tivaly hi.'h the firnt accentuated 
ellipoe will he a sheet of* fluid and treak up into dropc. 

repilar i>olyc^n of throe ci ’eo or nvie foriuir^ an orifice 
'.*,"?.ll form a nunher of s octn oiual to the nurlxjr of ciden and the 
checta v;il!' f' m in plrneo ’^^rpcnlicular to the cidco of the polyfron. 
"'hlo action is dependent on the velocity of the ^ct« 

In order to obtain a aolid column, or jot, of fluid the orifice 
ouot ho Dlxarp odfCd* If not, t*.c jot will he cloved in the hovuidary 
layer due to friction. The I’ccultinc velocity profile acrona the 
jet will not he comtaiit and tiirhulent flot will romxlt v/ith dropc 
forralnc rapidly. TIic ci;sc of theoe droj)8 io originally dotcrj ined 
hy the oizo of the jet. Towever the stehjlity of t. e large dropc 
forred will dciiend on the velocity of the jot tlirough the air or 
£poeo. 

The effect of oound on the jet and dropc rill depend on 
frenuency and amplitude. If the wave length of the conic vihrationo 
Ira equal to or cmuller than the diemeter of the jet the jet v/ill 
form drops rnich f at X ClZC JL* 0 Lrox'c vixocc dlai'.cterr are cq..al to or 
cnaller than the wave length of the ccurid \.lll he xmctnhle and 
rapidly hreak up into smaller dropc. If the wavelength of the conic 
vihrationo lo large the hrenk of the jet, and drops, will he duo 
to friction between the fluid and the elr due to velocity 
fluctuations. 

In reference 17, Richard J. Priera deGcrihec the cifoct of chock 
waves upon liquid jetc and dropc. He found that the hroak up of 
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joto and di'opo wuo q function of tho rolntivo c^o velocity. In 
the x)aQuo £0 cf a oincle o*ioclc v 7 avo the onock liad little iraaediato 
effect except to olightly flatten the atroan or drop. A oerico of 
photoernphs token with a higii apeed cor'cra are in the report. They 
chow this effect and the creator effect of the hich velocity cases 
behind th- shock wave. The high speed cacos rapidly and CJ’odually 
distort the jet and break up drops above a critical sice dcpendlnc 
on relative velocity. Gao velocities of 27 C feet j.er second f rc 
reported to brook up drops above 150 nicx'ono in diameter. At 
uO feet per second the critical size of tixe di'opc is 600 Dicr>ono. 

As would be expected the shock had tlio croatest effect vhen acting 
perpendicular to the flow direction due to the creator area exposed 
for a uj-iit mass acted upon. Pricra roportet? that the e feet of 
chocks upon inpincinc Jets and the lirui*’ c’’ccts forned was to 
ruffle the sheet and licrriento extending, from it. ^he c. feet v;ao 
not extreme even \;hcii the shock was por’^r.dicular to the ci cot. 
However, a reflected shock pacsinc tlircc thousandths of a second 
later broke the r. if fled siicet and drops r.tc 0 fl.ie mint r'T tlio way 
back to the point of Inplngnjcnt. The picttrcc in the report indicate 
tho second shock is very effective, whether the chock is perpendi- 
cular or parallel to the sheet. 

In a second scries of pictures the roint of implnrernent is nuch 
closer to the wall reflecting the shock. Tho effect of the second 
shock is much diminislicd indicating the duration of t c hij^i 
velocities behind the original shock acting on the sheet of liquid 
was important. 
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PricD reports throe stacoo of ‘breolitip: (1) .ovelopraont of 
surface clisturhancos, (2) /ir friction and prcssorc on pure liquid 
to produce ligaments and drops, aiid (3) break up of tlic lipanonts or 
large drops by relative air flow* 

Reference 1? detcimines drop oisc distribution data for n- 
heptone sprays produced by pairs of 90® imoinginG dots in airstreono 
over rjjigos of orifice diameter, D^, the liquid jet velocity Vj, and 
velocity difforc/ieo boteecn the airstrean and liquid jot AV. Tlie 
effects of orifice dianKJter, liquid jet velocity, and the velocity 
difference between the liquid jots and airstrcaiEO on the volume moon 
drop diaiacter D^q are given in the report ns: 

njA>3o = 



V3 



and Dv,q ai^s oxprosoeu. in inches and the velocities in feet 
per second. 

^30 = nb^/ n) 
where n is the number of drops in a givcii sine r^ngc, AO. 

In reference 16, ?.P. Prasor comperes methods of a omiaation. 
Uo coucludoo thit for swirl pray ini'.ectore ilo; is roportionnl to 
(injector dianeter)^'^3 for constant liquid pressure. Por conotont 
injector size flow increases la'oportional uo the uq^urc root of tl.o 
pressure and drop size decroases proportionol to tho square root of 
the pressure. 

Fraser discusses twin-fluid atomizer^ in r/hich a hlcii velocity 
Cao stream is mde to inpinco on tiio liquid cither entonmlly or 
within the body of the atoAsei*. 
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iroice nay alcjo (Bffc'ct evapoiv tion. In reference 23 it tjqo 
rcixjrtcf^ that high frcqiioncy fiuctnatlcne IncrcaBod the evaporation 
rate for cuneno by at otondard teirporatvire and ^reaaiare. Tho 
l“requcnclos wre -ultraoonic. The drop tccted wac ‘‘nrco and T;as 
siiepended on a ocreen# 

The explanation for the hijsh ij^crcace in evaporation rate had 
to do with agitation of the surface of th? largo drop. Under a 
microscope the drop reported to show vioible agitation on the 
surface. Xt io probable that turbulence in snail local areas 
around the drop Kcceleratea evaporation by rapidly carrying the 
vai>orB formed away and by keeping the surface of the drop free of 
tho Inoiiloting ei feet of a film of lOOjT^ vapor. 
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EXPERIMJNT-AL PRODL P'O ‘^OLUTIOITG 

The initlol object r?nr. to cxporlits 2 ntolly detcrnlno what effect# 
if any, intense sonic air vibrntlono had on joto onfi dropo at 
atro spheric coziditions. The docicn and conctriJction of a ri£; to 
produce o jot or opray vtoo not difficult* 

An erapty nitrocen bottle of r.bout 3*5 cubic feet displaconcnt 
capable of holdlno: nitrogen at 1800 p.s*i. r/ao used ao a xjreaai-src 
source. A full nitrogen bottle tros oonnuclod throu<4i a 10 to 1 
ix’ossure reducing valve to the empty bottle* An old aircraft 
pressure bottle of approximately 2 gallon caixiclty was used as a 
fuel tank. One quarter inch copper tubing v/ao used to connect the 
pressure source tlirough a valve to the fuel tank. One quarter inch 
copper tubing connected the fuel tani: to a standard fitting in which 
a circular flat plate was fitted with a sharp edged circular orifice 
in it. A fuel filter and a quick acting on-off valve was inserted 
in the line bet;vocn the fuel tank and the orifice. Trc prossarc 
gauges were fitted. One read pressure on the pi.*escarc source and 
the other read the lU'ossare at the fuel tonic. 

Three clsos of orifices were used, i.c. .010, .015, and .050 
inch dionoters. The capacity of the pressurising systom Y/as largo 
enough that the dro£j in preosure dm^irig a short run v7os considered 
Insignifictmt. One srlrl type atomiser vac used rith an orifice 
•015 inches In diameter, /n oil drum v/ith the totj out out vus used 
to catch the fuel (water) issuing from the jet ( €h>o flguv- j 5) » 
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50U1X SOURCE 

The prohlcn of producing intcnoe conic vihrntlonc In the mnnor 
doclred wqg nore difficult. If pocolhle a otending wave was desired. 
In this way it could ho i3oro reaconahle to helicvo that any effect 
on tiic jet or opray would he due to the sound and not due to 
relative air velocity of a stream of air no nay cons from a oiren. 

The Giron io one of the "beet oeano of producing intense sound at 
the frcquencleo desired. 

Reference 15 nentionc production of oound using a "singing 
flame". Some simple experinento were carried out using a hunocn 

f 

burner and a tv/o foot length of copper plrc. If a bunsen burner 
with a metal grid flanc lioldor is adjusted to give a flat florae and 
a pipe is lowered over the flame a load noise or sound will result. 
Attempts were made to increase the output by matching the resonant 
tube to the feed tube, but tliio v/as not very successful. Vhon the 
gas in the feed tube apijeared to resonating in phase v;ith the air 
in the resonant tube the flame on tl c bunsen burner was extinguished. 
In addition tne flovsr of }.ot air through tlie tube was considerable. 

If a v;irc screen io placed in a resonant tube about the one 
quarter length position and heated until it is rod hot, the tube will; 
emit a load sound as it cools. The tube must be in some position 
other than horizontal so tliat air flovr is induced by heating. The 
air is given on impetus as io passes up ttoough the screen due to 
heating. As the flow changes and passes in the opposite direction, 
hot air flows pest the hot ccroon and no imixjtuo is given to the air. 
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Ao to how the sonic fluctuations start it is c!'ifflcult to ony. 
irevorthclcss, a load coun* is enlttcd* The nochnnicn appears to be 
the sane for the sinfjinG: flnno. Perha o the fiance and the coolinc 
wire screen are the source of tho sound anpllf iod by the rooonemt 
tube. The loncth of tho tube and the 'ocition of the f lanes or 
wire deternino tho frequency. 

Reference 2h dcocribco e wotor henrer device for use ac a 
ncchanlcal noons of oltaininc Icrgo anplitades et the frequencies 
desired. Such a device would bo large end heavy. 

The feasibility of using an orui.x ry loudspeaker die* not seen 

likely. It was found hov/cver th^t by ronoving the hern from a 

speaker and rev lac ir^ it with a resonant tube, large airrplitude 

standing waves coxild be realised, bhen tho frequency of the 

diaphroGni of the speaker wtn t\.uicd to tie resonent frequency of the 

tube tho output was noticoi.bly inercacc '. A Tannuy Type 0L'~5 

speaker ’.as fitted with an 8.1 inch resonant tube. The oi-'cakcr vmo 

connected to on electronic oscillator and cnplificr. The cound 

produced did cause a ;)Gt of water to deflect end fern wliat appeared 

S 

to be a sheet of lareo drops (see fig-^re iS). 

It v/as soon discovered tliat tJic capacity of the epeaker v;as 
not linitod by the naxinna power fed to it. /t 7.*esonancc frequency 
for the resonant tube tho coil of the speaker pulled a?/ay froa tho 
dlaphragni it was noving. This was overcono by sccurlnc the coil 
to tiie diaphragm v.lth a stronger ocicent than that uBod by tlie 
manuf ac t’ir er » 
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/n improvcmenli was cade to tlilc crroncoaont "by placlnc a cap 
o\rer the open end of the resonant tube and cuttliij? a 3/U incli slit 
In the end of it one inch lone. The tube then acted ao a hclnihols 
resonator, rnd produced a resultant pulsing flow of air* Air 
flowing out of the tube formed a ;jet in the shape of the slit* 

When the floiv reversed and entered the slit the air rushed in from 
all directions* Using a pitot tube end a water nenoisetor, 3*5 
inches of negative weter pressure was aeacm.'od at the edge of the 
slit and 3*1 inches of positive preas'uro \rao moasured in the 
pulsing ctreaM of air close to the slit. This v/as at a frequency 
of 500 cycles per sccona. In the piano of t^io slit the overage 
prescxiro was zero* 

By placing 3/2 inch metal guides on eithex* side of tlio slit 
the static proa?u 2 ‘e loeasured with the oitot tube was nearly zero, 
while 2*5 Inches of xiositlvc pressure was measured in the pulcir^ 
stream outside of the metal guides, and 3*1 inches of norotive 
pressure was measured at either end of the slit. 

By directing the jet of water bctv.ocn the two nctal guides 
the positive and negative fluct\;tatlons were nearly equal. This 
then was nooriy a standing wave. The effect on a jet of water was 
considerable. 

feaeui’ing the intensity of the so\ind «?ccurutely Is a problem 
that is solved by the aircraft industries by using on expensive 
condenser microplionc and electronic equipment. It is possible to 
design a rclatlve3Ly simple piece of equipment that should be 
adequate. 



/A 
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A Guocentcd device ^ ould conoict of q pitot tulxs, a mnonctor, 
and cn air chamboro *'oant the pitot tube in u tici^t ciiadber with 
the tip of the pitot tube centered in q snail hole in the ciianber. 
Connect one end of the rnrnoneter to the charsbor end the other end 
to tiie pi tit tube. The pitot ttahe chould read only pooitlvc 
velocity fluctuations (cce fic^urc 2). 

PHOTO^rwAPiT/ 

Photo graph Inc bhenononon lo not difficult once a tocliniouo 

io cstrbliohod. It v/ao desired to resolve clroplotc if pocsiblc. 

/ ccording to refcror.ee 22 the cqul]>n' nt nccdcu would be a point 
source of lightj a lensj and some fact film. Fort'onately there 
cxlcted in the Propnloion Pepertnont a oporlt generator ideally 
suited for this application. Tlvc d.araticn cf the o’^orl: was loco 
than two raicro-secondo. The Photographic Dep. rtnent fm’nished a 
lena with a 12~inch focal point fnd a fast fine gTrin fiira ( .odak 
Connercial Ortho 8 ASA). 

It T/ao relatively sinpie (O louv. ihe sT.vi..v: at fjcal 
point of the lens and thereby obtain parallel light. Tlie pictures 
taken were disappointing. Gone were very good, but n^arty had double 
int^gec and strange chado\70. At first thic v/as blnccd on the spark. 
J'uch bettor results were obunined b:, plac-ii^. the ei'trk about 
28 inches frora the jet or spray and the filn 2 irjchcs from the jet 
or spray, aiid cooing away with the lens altogether. S)iado\7grr.phc 
obtained in this way v;cro clear and I’C solution was good. 

A liigh speed I astan cancra was used to obtain moving pictiros 
of tho phenomenon. Tho Pastar. 1s caix bio of s.’.ocds up to 80no 

/frai..;eo 
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fraices per cecond. After throe xmsatlsfactory nttenpto a technique 
V70D eatahliohcd that gave good rcsulto* 

A General Electric flood lamp v<ao focused through tJie 12~inch 
focal length lens on tho plane of the caiacra leno focal point and 
ixjoitioncd so that the element of tho flood lamp fell across the 
lens of 4ihe ceipero» Fy looking in the carcra eye-pieco one could 
ascertain viien t]ic lens vrao flooded with uniform bright light. In 
order to obtain sharp H*es it was necessary to insert into the 
camera u notal piece »ith a alit in it t)iat cut the size of tho 
picture to X^3 its norinal coverage. .<^i£Oire 9 an B show tho effect 
of this slit. Camera socc' used was 4500 frrucs per rjecond. Good 
results were obtrined with Ilford Pan-S, film and Kodalt X, 

80AGA film. 
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The j^iotographo of figoi'es K aad bs coiu?irm tlio nature of 



droplet formation in a stream of fl^ id as outlined in reference 15. 

Figures 6 through 13 ai*c graphic evidence that sonic vibrations 
do effect, a Btrcan of water. Figures 7» £» 9» 10 rni 13 give an 
indication of the csechanlsiu of this effect. t the frcqucncloc used, 
the velocity fluctuations are strong cnou h to bodily move the stream, 
it pool: velocity it is enoagh to Lre.*k the lirgor dross in the otrean 
into BHnllsr drops and ligataents due to friction of the air. 

Figure 8 shows tha.t trcncvcrce velocity is Innr rted to a solid 
ctrean at the end of tho i-osonant tube which sproada. the stream end 
allows luo own velocity difi'crcntial v/ith the surrounding air to 



/disrupt 








t 











Ci. 







19 



diorupt it Ml-'' cc.uoc treal: up. 

iscuGrior' rnru^'^ pog^idilittbs 

Flgui*e 12 ia a oories ox hi£ji o >ecd photo«pi*opho of q pair of 
Impincius Jota v/it/i soiuid ct. a frequency of 1;SK cycleo inpreGscd 
on ono of tlie jetn. /.Itlio'o-gh not cloiir in the pliotooj the effect 
was to cauQC tho Jets to mios one another at intorva3.s do that 
pulses of solid ctreaia did not Ini^ijifiC. 

Tl;e results ohtajnod arc not o-irprlcing in vio\ of reference 15 
and otlier reports* However, the faagnit’widc of tho e feet on a Jet 
of fluid was none tlion was expected. The effect on dropo and Jets 
In a conibustion cIianTscr imy well be much £px:-'-ter. 

Ac a pooslhlo futui*c fir»Gt otep it imy be intercat ing to 
obGciTvo the effect of a cocond sound source on the Jet and drops 
after they heve been dasruptcc’ by the first one. A sound v/avo 
inxjresoed on the strcaa 90^ to the first cay produce fairly unifom 
drops. Tlie x>henoaenon obaerved in the pilot ofyapho in this rojxirt 
appear to be in one plane. Actually, the sound had a tendency to 
spread tho strean, or flatten It in r. pl.no perpendicular to tliat 
of tiio photographs. 

The use of two resonant tubcc as hclrholi; I’csonators with the 
tubes end to end end connected by parollcl flat strips of glass 
could c**plify tbo effect observe'^ in tn*’ »Iiotorrt?pho of this i*eport. 
Tho two spealtcro used woull be operated at identical frequencies 
90° out Oi phase. ctresD of water ’Ir^ctcd between tho two pieces 
of I lass would pass th2’our>h a starring vnvo of sound. 
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Clnce It iG definite that oonic vibrationn ocn effect a 
otrean of fluid and larco crops, it may bo worih-y;hile to build n 
TjreoG iTQ chanber in v.hich sonic vibratlono co):l' bo Icrjaesccd on a 
otrciiU Oi fluid cr.d . rope, I'ini^ preesure and toispcrcturG of the 
atr.OGpherc into uhich the stream o. t:ritC2' is florin,, ntsy hvcvc a 
largo c feet on the «. ction. 

Tom uofcrenc 17 and others, it thao for a certain 

relative oir velocity there is a c rtaln critical oiac for dro,.G 
above whicn aix’ friction uill gradually oi 3 d rapidly break up the 
drop into su' critical droj.)G* It aG noi. mircacorif ble to believe 
that prox>er ‘-‘QC of ctTAc vibf'r.ti or.n x'i'ht wel^ be used to atoniac 
fuels and acr, ?re i- uniforn drox> olae. If not uniform, at least 
assure a certain maximum ■, rop g3zo. 

To investigate e fee to of sou- id on err'-orntton rrtoo, a 
volatile liquid s'uch ar ether ccul! *»'• "••co.. Tops at n cci’tain 
distance froir the injector coulf"’ bo comp'-red i^lth and rlthout goijxI 
by the use of phetographo • 



CALC'.'LATior or ^^locity o*' . j''C'7tro:] .• ■•ji? 

A Gircai/R OT^incE 

For gnujjG nrcao iro of 10 poi. = 100 pci, 
h = -p/w, ifhcre w 62*4 (water) 

h = 2jl ft. 

: ron rcfcrc-ncc 21: Otitain Cq, and Gy. 

V S3 Cy 2 £h a velocity of jet 
Aq = Cq /. a ai^eo of vora coiitract. . 

/. = Gi'Of of orifice 
, = Aq V = flov' rate 



D(in) 


Cc 


fV 


/(in2) 


Aq( in^ ' V( ’t/rec ) 


c.(PtVcoc) 


.010 


.67 


.63 


.7£20.G“^ 


.5a2xl0~^^ 77 


2.79x10”5 


.015 


.67 


.63 


1.9x10*“^ 


1.27jtlO-^‘ 77 


5.35x10“^ 


. i05 


.66 


.62 


.196 


.133 75.5 


6.97x10~2 



CALC■JL.^TIu . ' u-0 \ ov- rov /j: t:.2 r*'ir I’ll ■: 

C1X)GE‘0 AT OPS LI!P 
f a (2n + l)c/41 

I here: f = frc.^icncy, n a '>ny interrer, c a velocity of count-', 
and 1 = corrected length of pipe. 

c = 1110 ft/soc; 1 = 10 inchcG 

f a 12x1110 (2n + l)/40 = Soon + 333 
For n a 1,2,3: f= 9S9> io65, and 2331 

c varies with Imraidity. Thxic thecs vcluec are a/proxini^ite. 
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